Denitrifying bioreactors are an agricultural best management practice developed in the midwestern United States to treat agricultural drainage water enriched with nitrate-nitrogen (NO 3 -N). The practice is spreading rapidly to agricultural regions with poor water quality due to nutrient enrichment. This makes it imperative to track bioreactor NO 3 -N reduction efficiency as this practice gets deployed to new regions. This study evaluated the application and performance of denitrifying bioreactors in the humid subtropical coastal plain environment of the Chesapeake Bay catchment to provide data about regionally specific NO 3 -N reduction efficiencies. NO 3 -N samples were taken before and after treatment at three denitrifying bioreactors, in addition to other nutrients (orthophosphate-phosphorus, PO 4 -P; ammonium-nitrogen, NH 4 -N; total nitrogen, TN; total phosphorus, TP) and water quality parameters (dissolved oxygen, DO; oxidation reduction potential, ORP; pH; specific conductance, SPC). Total removal ranged drastically between bioreactors from 10 to 133 kg N, with removal efficiencies of 9.0% to 62% and N removal rates of 0.21 to 5.36 g N removed per m 3 of bioreactor per day. As the first bioreactor study in the humid subtropical coastal plain, this data provides positive proof of concept that denitrifying bioreactor is another tool for reducing N loads in agricultural tile drainage in this region. intensive agriculture has come at an environmental cost for this sensitive catchment. Groundwater discharge contributes more than half of the flow to streams and ditches on the Delmarva Peninsula [6], and the solubility and mobility of nitrate (NO 3 -N), a primary nonpoint-source agricultural pollutant, has led to shallow groundwater NO 3 -N concentrations exceeding the maximum contaminant level for drinking water (10 mg NO 3 -N/L) [7, 8] . Nitrate contamination has been exacerbated by the use of agricultural ditches and subsurface drainage tile that shorten groundwater flow paths and reduce ecosystem services (natural denitrification). As a response to this and other water quality challenges in the region, the Chesapeake Bay Total Maximum Daily Load (TMDL) was created in 2010, calling for a 24% reduction in nitrogen load by 2025 [9] .
Introduction
Denitrifying bioreactors are a new agricultural best management practice (BMP) developed for the treatment of agricultural drainage water over-enriched with nitrate-nitrogen (NO 3 -N). The practice was pioneered in humid continental climates of the midwestern United States of America [1] . The application of this practice has been adopted by other locations around the world, which have artificial drainage (drainage tile or ditches) and problems associated with nutrient enrichment in receiving waterbodies [1, 2] . With the expansion of this innovative practice to new locations and climates, it is imperative that rigorous monitoring and engineering assessment are completed to determine if this agricultural BMP can be applied practically and achieve the desired NO 3 -N reduction to help reduce impacts from agricultural nitrogen pollution on local waterways.
The Delmarva (DELaware-MARyland-VirginiA) Peninsula in the humid subtropical coastal plain of the mid-Atlantic United States has an extensive history of artificial agricultural drainage dating back to 1789 [3] . Public Drainage Associations (PDAs) in the region provide a vital link in this infrastructure by maintaining thousands of kilometers of local drainage ditches [3] [4] [5] . However, while agricultural drainage improvements are essential for row-crop farming on the Delmarva Peninsula, widespread,
Ridgely Farm (RF)
A woodchip bioreactor (L × W × D: 30.5 m × 6.1 m × 0.91 m; trench excavated 0.91 m deep) was installed in November 2013 at the Ridgely Farm in northern Caroline County, MD (Figure 1, RF) , an approximately 700-head dairy operation that also produces grain for feed ( Table 1 ). The fields surrounding the operation are irrigated with slurry from its waste lagoon through center pivot irrigation and are also periodically fertilized with manure generated by the operation. The denitrifying bioreactor treats surface runoff from a ditch and multiple surface inlets as well as groundwater from drainage tile lines, with an estimated surface catchment treatment area of 34.7 ha. During the first time frame (8 August 2014 -6 August 2015 , precipitation near this site was 126.5 cm, and during the second period (6 August 2015-5 May 2016), it was 84.07 cm [19] . A 45.7 cm diameter concrete tile main from the field routed drainage water through an inlet control structure (i.e., a "diversion" control structure) and into a 20.3 cm polyethylene pipe that conveyed water to the lined bioreactor (20 mm pond liner; BTL Liners, Prineville, OR, USA). The bioreactor trench volume was designed based on information from Christianson el al. 2012 [1] and personal communication with Dr. Zachary Easton [20] . The woodchips were donated from Queen Anne's County Department of Parks and Recreation, and composed of chipped municipal yard waste containing both hardwood and softwood and small organics (leaves) with chip size ranging from 1.3 cm × 1.3 cm to 2.5 cm × 2.5 cm. The trench was backfilled with the excavated soil and shaped into a dome to account for eventual woodchip compaction and decomposition.
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Figure 1.
Location of bioreactor sites: QAF (Queen Anne Farm); RF (Ridgely Farm); VB (Voorhees Farm bioreactor).
Queen Anne Farm (QAF)
A woodchip bioreactor (L × W × D: 26 m × 4.6 m × 0.76 m; trench excavated 0.9 m deep) was installed at an organic grain farm in Queen Anne's County, MD, in December 2013 (Figure 1 , QAF). The fields have organic nutrients applied to them, with chicken manure being the largest source. The field is irrigated with center pivot irrigation ( Table 1 ). The denitrifying bioreactor captures groundwater from 25.4 cm clay drainage tile lines and surface water from five surface inlets connected to the tile line. The estimated drainage area for this bioreactor was 25.2 ha. Precipitation during the first time frame (8 August 2014-6 August 2015) near this site was 126.5 cm, and during the second period (6 August 2015-13 April 2016), it was 74.68 cm [19] . The denitrifying bioreactor diverts water from a 25.4 cm diameter clay drainage tile line, though a diversion control structure, then through a 20.3 cm diameter polyethylene pipe that conveyed water to the lined bioreactor. The bioreactor trench volume was designed based on information from Christianson el al. 2012 [1] . The woodchips were similar to the woodchips used at the Ridgely Farm (RF). In addition to the bioreactor liner (20 mm pond liner; BTL Liners, Prinevlle, OR, USA), the woodchips were covered with a porous geotextile fabric. The trench was backfilled with the excavated soil and shaped into a dome. 
Voorhees Farm
A woodchip bioreactor (L × W × D: 30.5 × 9.1 × 0.91 m; trench excavated 1.21 m deep) was installed at a conventional row crop farm in Caroline County, MD, in December 2014 ( Figure 1 , VB, Voorhees Farm Bioreactor). The fields have organic and inorganic nutrients applied to them, with chicken manure as the largest source ( Table 1 ). The denitrifying bioreactor captures groundwater from a 25.4 cm diameter clay drainage tile main that has 15.2 cm diameter in field laterals in addition to surface water from two surface inlets connected to the tile line. The estimated drainage area for this bioreactor was 40.1 ha. Precipitation during the period (1 December 2014-31 July 2015) was 93.9 cm [19] . The denitrifying bioreactor diverts water from a 25.4 cm diameter clay drainage tile line, though a diversion control structure, then through a 30.5 cm diameter polyethylene pipe that conveyed water to the lined bioreactor. Engineering of this bioreactor was created using a spreadsheet following information from Christianson et al. 2013 [21] , and is similar to the spreadsheet found on the Iowa State Extension website [22] . The woodchips were hardwood chips purchased from a local forestry supplier (Eastern Shore Forest Products, Pocomoke, MD, USA), and were consistent in size from 2.54 cm × 2.54 cm to 2.54 cm × 10.2 cm. In addition to the bioreactor liner (24 mm pond liner; BTL Liners, Prinevlle, OR, USA), the woodchips were covered with a porous geotextile fabric. The trench was backfilled with the excavated soil and shaped into a dome.
Bioreactor Sampling and Analysis
Bioreactor inflow and outflow samples were collected from the control structures and analyzed for nitrate-nitrogen (NO 3 -N) weekly and additional analytes every other week (orthophosphatephosphorus, PO 4 -P; ammonium-nitrogen, NH 4 -N; total nitrogen, TN; total phosphorus, TP) at the University of Maryland Center for Environmental Science Analytical Services Lab-Horn Point Laboratory. Following Wang et al. 2003 [23] , the weekly sampling events allowed greater than 90% probability that the calculated nitrate loads were within ±15% of the "true" nitrate load.
Water height in the diversion control structure (bioreactor inflow) and capacity control structure (bioreactor outflow) was continuously logged every 15 min (Solinist Model 3001 Levelogger Junior Edge F15/M5) upstream of a v-notch weir. The recorded data were corrected for both barometric pressure and the offset of control structure stop logs placed below the v-notch weir. The equation used to calculate discharge from the v-notch weirs was [24] : Q = 1.7406 × (H) 1.9531 (1)
where Q is the discharge rate in L·min −1 and H is the depth of water above the v-notch (cm). On some occasions, a compound equation was used when flow depth exceeded the height of the v-notch. This was completed by summing Equations (1) and (2), a flat weir equation where H corresponds to the additional water depth above the top of the v-notch, L is board length (cm), and Q is discharge rate in L·s −1 [25] :
The logging transducer placed in the inflow (diversion) control structure allowed estimation of the flow bypassing the bioreactor in the overflow pipe, and the transducer in the outflow (capacity control) control structure allowed total bioreactor flow to be estimated (assuming conservation of water within the lined bioreactors, Figure 2 ). During a storm event after 12 November 2015 at the Queen Anne Farm, the pressure transducer located in the diversion structure was lost and could not be located. To estimate bypass flow from the diversion structure, a natural log regression was completed on natural log transformed water height data from the capacity structure and the diversion structure for the period from 17 March 2015 to 12 November 2015. The resulting regression equation used to estimate missing diversion structure water height was: where WHB is the natural log of water height in the diversion structure and WHC is the natural log of water height in the capacity structure. Water height estimates generated from this equation were then used in Equations (1) and (2) to estimate bypass discharge for the period from 12 November 2015 to 13 April 2016. Flow data recorded every 15 min was averaged into a daily flow rate for the monitoring periods, and was used to calculate the nitrate inflow and outflow loads occurring between two water quality sampling dates. Nitrate removal efficiency was calculated as the difference between cumulative inflow and outflow loads for a given monitoring period divided by the cumulative inflow load for that period. Removal efficiency was calculated for (1) only water that was routed into the bioreactor and (2) all flow from the field including flow that bypassed the bioreactor. Volumetric nitrate removal rates (g N removed per m 3 bioreactor per d) were calculated based on the entire bioreactor volume and only on days when flow was occurring (i.e., the cumulative mass of nitrate-N removed over a monitoring period divided by the full bioreactor volume divided by the number of days in the monitoring period that flow was occurring). Mean inflow and outflow nutrient concentrations were analyzed for statistically significant differences using the Mann-Whitney Rank Sum Test for nonnormally distributed data (α = 0.05) (Sigma Plot 12.5).
Results and Discussion

Ridgely Farm Bioreactor
Nearly complete nitrate removal was consistently achieved for the drainage water that was treated in the Ridgely Farm bioreactor (>96% bioreactor load reduction; Table 2 ; Figure 3c ). However, Figure 2 . Baseflow in the drainage tile line is diverted into the bioreactor using flashboards in the diversion control structure (1), storm flows can bypass down the original tile line (2) . Perforated pipes (3) at either end of the woodchip trench (4) allow water to enter and exit the bioreactor. The capacity control structure (5) contains a set of flashboards that allow for manipulation of the hydraulic gradient through the bioreactor.
During a storm event after 12 November 2015 at the Queen Anne Farm, the pressure transducer located in the diversion structure was lost and could not be located. To estimate bypass flow from the diversion structure, a natural log regression was completed on natural log transformed water height data from the capacity structure and the diversion structure for the period from 17 March 2015 to 12 November 2015. The resulting regression equation used to estimate missing diversion structure water height was: WHB = ln(abs((−201.4402 + 81.0765 × WHC)))
where WHB is the natural log of water height in the diversion structure and WHC is the natural log of water height in the capacity structure. Water height estimates generated from this equation were then used in Equations (1) and (2) to estimate bypass discharge for the period from 12 November 2015 to 13 April 2016. Flow data recorded every 15 min was averaged into a daily flow rate for the monitoring periods, and was used to calculate the nitrate inflow and outflow loads occurring between two water quality sampling dates. Nitrate removal efficiency was calculated as the difference between cumulative inflow and outflow loads for a given monitoring period divided by the cumulative inflow load for that period. Removal efficiency was calculated for (1) only water that was routed into the bioreactor and (2) all flow from the field including flow that bypassed the bioreactor. Volumetric nitrate removal rates (g N removed per m 3 bioreactor per d) were calculated based on the entire bioreactor volume and only on days when flow was occurring (i.e., the cumulative mass of nitrate-N removed over a monitoring period divided by the full bioreactor volume divided by the number of days in the monitoring period that flow was occurring). Mean inflow and outflow nutrient concentrations were analyzed for statistically significant differences using the Mann-Whitney Rank Sum Test for non-normally distributed data (α = 0.05) (Sigma Plot 12.5).
Results and Discussion
Ridgely Farm Bioreactor
Nearly complete nitrate removal was consistently achieved for the drainage water that was treated in the Ridgely Farm bioreactor (>96% bioreactor load reduction; Table 2 ; Figure 3c ). However, when untreated bypass water was also considered, the total N load reduction ranged from 9.0% to 16% ( Table 2) . Only 13% to 21% of the total flow from the drainage system was routed into the bioreactor (Table 2) , meaning the overall N removal efficiency of the bioreactor was capped at 13% to 21%. The low volume of flow routed into the bioreactor was most likely due to differences in pipe size between the tile line and bioreactor compounded with poor hydraulic conductivity of the woodchips (small organic material (leaves) mixed in), and small head gradient through the system. Additionally, the bioreactor was undersized for the diameter of the tile line. According to the Natural Resource Conservation Service practice standard, that was developed two years after the installation of this bioreactor, the bioreactor should be able to treat 15% of the peak flow, in this case the Ridgely Farm bioreactor should have been at least 14 m wide (>2× wider) to achieve this capacity [22] .
Water 2017, 9, 112 7 of 16 when untreated bypass water was also considered, the total N load reduction ranged from 9.0% to 16% ( Table 2) . Only 13% to 21% of the total flow from the drainage system was routed into the bioreactor (Table 2) , meaning the overall N removal efficiency of the bioreactor was capped at 13% to 21%. The low volume of flow routed into the bioreactor was most likely due to differences in pipe size between the tile line and bioreactor compounded with poor hydraulic conductivity of the woodchips (small organic material (leaves) mixed in), and small head gradient through the system. Additionally, the bioreactor was undersized for the diameter of the tile line. According to the Natural Resource Conservation Service practice standard, that was developed two years after the installation of this bioreactor, the bioreactor should be able to treat 15% of the peak flow, in this case the Ridgely Farm bioreactor should have been at least 14 m wide (>2 × wider) to achieve this capacity [22] . Bioreactor hydraulic retention times were generally much greater than 10 days, except for high flow periods between mid-November 2014 and mid-March 2015, and between January and February 2016 ( Figure 3b ; retention time calculated assuming 70% woodchip porosity and bioreactor LWD: 30.5 m × 6.1 m × 0.91 m). These overly long retention times resulted in the majority of bioreactor outflow nitrate concentrations being below 0.5 mg NO3-N/L, which meant that the bioreactor was operating under N-limited conditions. This N-limitation led to relatively low nitrate removal rates of 0.40 and 0.21 g•N•m −3 •day −1 (removal rates calculated based on the entire bioreactor volume and only on days when flow was occurring). Christianson et al. 2012 [1] reported that N removal rates at four bioreactors in Iowa ranged from 0.38 to 7.76 g•N•m −3 •day −1 and David et al. 2016 [18] reported removal Bioreactor hydraulic retention times were generally much greater than 10 days, except for high flow periods between mid-November 2014 and mid-March 2015, and between January and February 2016 (Figure 3b ; retention time calculated assuming 70% woodchip porosity and bioreactor LWD: 30.5 m × 6.1 m × 0.91 m). These overly long retention times resulted in the majority of bioreactor outflow nitrate concentrations being below 0.5 mg NO 3 -N/L, which meant that the bioreactor was operating under N-limited conditions. This N-limitation led to relatively low nitrate removal rates of 0.40 and 0.21 g·N·m −3 ·day −1 (removal rates calculated based on the entire bioreactor volume and only on days when flow was occurring). Christianson et al. 2012 [1] reported that N removal rates at four bioreactors in Iowa ranged from 0.38 to 7.76 g·N·m −3 ·day −1 and David et al. 2016 [18] reported removal rates of 1.2 to 11 g·N·m −3 ·day −1 for a bioreactor in Illinois. A recent bioreactor meta-analysis found the 5th and 95th percentiles for reported nitrate removal rates were 2.9 and 7.3 g·N·m −3 ·day −1 , respectively [17] . The flow-weighted inflow nitrate concentrations for each monitoring period were 4.65 and 7.64 mg NO 3 -N/L (Table 2 ) because the majority of flow occurred in the winter and early spring when nitrate concentrations were relatively lower (Figure 3a,c) . However, the bioreactor was very effective at providing complete reduction of relatively high inflow nitrate concentrations of greater than 20 mg NO 3 -N/L (June-October 2015).
Bioreactor outflow ammonium concentrations were elevated particularly from June through September 2015 (>40 mg NH 4 -N/L; Figure 4a ). This may have been due to potential drift or runoff of onsite dairy wastewater applications into the bioreactor, as these high concentrations have not been observed at other bioreactors. The potential impact of the irrigated dairy wastewater at this site may also have caused the very high concentrations of total N in the bioreactor inflow between September 2014-January 2015 and in early spring 2016 (40-70 mg TN/L; Figure 4b ). Looking across the N balance during this period, summing the nitrate (which included nitrite) and ammonium concentrations and subtracting that sum from the total N concentration leaves a balance of >20 mg N/L unaccounted for during several winter 2014-2015 sample events. This unaccounted-for N was plausibly due to organic N, of which the wastewater was the likely source. Nevertheless, there was a statistically significant difference between inflow and outflow total N concentrations when assessed over the entire monitoring period, indicating that the bioreactor had a positive overall water quality impact for total N ( Table 3 ; TN p < 0.001; NO 3 -N p < 0.001; NH 4 -N p = 0.846).
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Water 2017, 9, 112 9 of 16 inflow hydrograph (solid lines in Figure 5a ,b). The temperature of the outflow water remained consistently 4.5 ± 0.08 °C over this period (mean ± standard deviation (SD); Figure 5b ). This storm hydrograph also coincided with dilution of the bioreactor inflow nitrate concentrations and spiking of the inflow ammonium and phosphate concentrations (between 15:00 and 17:00 on March 10; Figure  5c -e). Phosphorus concentrations in both the Ridgely Farm bioreactor inflow and outflow were nearly always higher than concentrations known to impair freshwater (0.03 mg TP/L; Figure 4c ,d) [26] . Flushing of phosphorous has been observed during start-up at other bioreactors [18, 27] , but concentrations as high as seen here are likely related to the farm characteristics (see above). Nevertheless, there was a statistically significant difference between bioreactor inflow and outflow phosphate concentrations, but no overall significant impact on total phosphorus concentrations when assessed over the entire monitoring period (Table 3 ; PO4 p = 0.004; TP p = 0.097).
Anaerobic conditions were consistently achieved in the Ridgely Farm bioreactor with outflow concentrations averaging 0.54 ± 0.28 mg DO/L (mean ± SD; Figure 4g ; Table 4 ). There were large seasonal fluctuations in temperature ranging from >20 °C in late summer to <5 °C in early spring (Figure 4e ). While temperature is known to be a strong influencer of denitrifying bioreactor N removal performance [1, 18] , the small amount of flow here outweighed the impact of temperature, and N removal inside the bioreactor was near complete throughout the monitoring period. The outflow water temperature tended to be slightly greater than the inflow water temperature, particularly in the cooler months. The bioreactor also provided some buffering of pH with the highly variable inflow pH (4.9 to 7.8) stabilized to a pH that averaged 6.0 ( Table 4 ). Analyzed over the entire dataset, there were statistically significant differences between bioreactor inflow and outflow water temperature (warmer outflow) and pH (p = 0.024 and <0.001, respectively), but there were no such differences between inflow and outflow for DO, SPC, and ORP values likely due to the variability of inflow (p = 0.051, 0.101 and 0.283, respectively; Table 4 ). Phosphorus concentrations in both the Ridgely Farm bioreactor inflow and outflow were nearly always higher than concentrations known to impair freshwater (0.03 mg TP/L; Figure 4c,d) [26] . Flushing of phosphorous has been observed during start-up at other bioreactors [18, 27] , but concentrations as high as seen here are likely related to the farm characteristics (see above). Nevertheless, there was a statistically significant difference between bioreactor inflow and outflow phosphate concentrations, but no overall significant impact on total phosphorus concentrations when assessed over the entire monitoring period (Table 3 ; PO 4 p = 0.004; TP p = 0.097).
Anaerobic conditions were consistently achieved in the Ridgely Farm bioreactor with outflow concentrations averaging 0.54 ± 0.28 mg DO/L (mean ± SD; Figure 4g ; Table 4 ). There were large seasonal fluctuations in temperature ranging from >20 • C in late summer to <5 • C in early spring (Figure 4e ). While temperature is known to be a strong influencer of denitrifying bioreactor N removal performance [1, 18] , the small amount of flow here outweighed the impact of temperature, and N removal inside the bioreactor was near complete throughout the monitoring period. The outflow water temperature tended to be slightly greater than the inflow water temperature, particularly in the cooler months. The bioreactor also provided some buffering of pH with the highly variable inflow pH (4.9 to 7.8) stabilized to a pH that averaged 6.0 ( Table 4 ). Analyzed over the entire dataset, there were statistically significant differences between bioreactor inflow and outflow water temperature (warmer outflow) and pH (p = 0.024 and <0.001, respectively), but there were no such differences between inflow and outflow for DO, SPC, and ORP values likely due to the variability of inflow (p = 0.051, 0.101 and 0.283, respectively; Table 4 ). Notes: † Statistically significant difference between inflow and outflow based on the Mann-Whitney Rank Sum Test for non-normally distributed data (α = 0.05). 
Queen Anne Farm Bioreactor
Nitrate removal in the Queen Anne Farm bioreactor was achieved to a similar extent as at the Ridgely Farm bioreactor (>97% bioreactor load reduction; Table 2 ; Figure 6c ). The Queen Anne Farm bioreactor was more appropriately sized when compared to the Ridgely Farm bioreactor, achieving better flow dynamics (% of total water volume treated) and a greater overall N load reduction was achieved when bypass flow was considered (47%-62%; Table 2 ). The Queen Anne Farm bioreactor treated at least half of the flow during both monitoring periods (59% and 50%), and although there was less total flow at this site than the Ridgely Farm site (24,400 vs. 37,000 m 3 ; Table 2 ), the Queen Anne bioreactor actually treated a greater flow volume than the Ridgely Farm bioreactor (24,400 × 59% = 14,400 m 3 treated is greater than 37,000 × 13% = 4800 m 3 treated).
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Nitrate removal in the Queen Anne Farm bioreactor was achieved to a similar extent as at the Ridgely Farm bioreactor (>97% bioreactor load reduction; Table 2 ; Figure 6c ). The Queen Anne Farm bioreactor was more appropriately sized when compared to the Ridgely Farm bioreactor, achieving better flow dynamics (% of total water volume treated) and a greater overall N load reduction was achieved when bypass flow was considered (47%-62%; Table 2 ). The Queen Anne Farm bioreactor treated at least half of the flow during both monitoring periods (59% and 50%), and although there was less total flow at this site than the Ridgely Farm site (24,400 vs. 37,000 m 3 ; Table 2 ), the Queen Anne bioreactor actually treated a greater flow volume than the Ridgely Farm bioreactor (24,400 × 59% = 14,400 m 3 treated is greater than 37,000 × 13% = 4800 m 3 treated). Similar to the Ridgely Farm bioreactor, the Queen Anne Farm bioreactor retention times were generally much greater than a week, except during periods of storm flow (December 2014-April 2015 and December 2015 onward; Figure 6b ) (Retention time was calculated assuming 70% woodchip porosity and bioreactor LWD: 26 m× 4.6 m × 0.76 m). Resulting flow-weighted bioreactor outflow nitrate concentrations were not more than 0.30 mg NO3-N/L (Table 2) , which indicated N-limited conditions. Even during two major bypass events (mid-January and early March 2015; Figure 6b ), when the flow rate in the bioreactor increased and the bioreactor retention times dropped below 1 day, nitrate removal was not negatively impacted as evidenced by continued near-complete nitrate removal (Figure 6c ). Nevertheless, the Queen Anne Farm bioreactor had much higher N removal Similar to the Ridgely Farm bioreactor, the Queen Anne Farm bioreactor retention times were generally much greater than a week, except during periods of storm flow (December 2014-April 2015 and December 2015 onward; Figure 6b ) (Retention time was calculated assuming 70% woodchip porosity and bioreactor LWD: 26 m× 4.6 m × 0.76 m). Resulting flow-weighted bioreactor outflow nitrate concentrations were not more than 0.30 mg NO 3 -N/L (Table 2) , which indicated N-limited conditions. Even during two major bypass events (mid-January and early March 2015; Figure 6b ), when the flow rate in the bioreactor increased and the bioreactor retention times dropped below 1 day, nitrate removal was not negatively impacted as evidenced by continued near-complete nitrate removal (Figure 6c ). Nevertheless, the Queen Anne Farm bioreactor had much higher N removal rates (5.36 and 5.12 g·N·m −3 ·day −1 ; Table 2 ) than the Ridgely site; these rates were more aligned with previous research for tile drainage bioreactors [1, 18] .
Drainage at the Queen Anne Farm site was consistent with the majority of the total N load being in the nitrate form as expected for shallow groundwater and tile drainage (Figure 7a,b) . Similar to the Ridgely site, when assessed over the entire monitoring period, only nitrate-N and total N inflow values were statistically significantly different from the outflow (Table 4 ; NO 3 -N p < 0.001; NH 4 -N p = 0.304; TN p < 0.001; PO 4 -P p = 0.807; TP p = 0.836). Phosphorus levels were much lower in the inflow and outflow than at the Ridgely bioreactor, and there was no consistent trend for removal or contribution of phosphorus by the bioreactor (Figure 7c,d) . Comparing across the Queen Anne bioreactor dataset showed that bioreactor inflow DO, pH, and ORP values were statistically significantly greater than outflow values (p = <0.001, 0.025, and <0.001, respectively), but there were no such differences between inflow and outflow for water temperature and SPC (p = 0.441 and 0.997, respectively) (Figure 7e-g; Table 4 ).
Water 2017, 9, 112 12 of 16 rates (5.36 and 5.12 g•N•m −3 •day −1 ; Table 2 ) than the Ridgely site; these rates were more aligned with previous research for tile drainage bioreactors [1, 18] . Drainage at the Queen Anne Farm site was consistent with the majority of the total N load being in the nitrate form as expected for shallow groundwater and tile drainage (Figure 7a,b) . Similar to the Ridgely site, when assessed over the entire monitoring period, only nitrate-N and total N inflow values were statistically significantly different from the outflow (Table 4 ; NO3-N p < 0.001; NH4-N p = 0.304; TN p < 0.001; PO4-P p = 0.807; TP p = 0.836). Phosphorus levels were much lower in the inflow and outflow than at the Ridgely bioreactor, and there was no consistent trend for removal or contribution of phosphorus by the bioreactor (Figure 7c,d) . Comparing across the Queen Anne bioreactor dataset showed that bioreactor inflow DO, pH, and ORP values were statistically significantly greater than outflow values (p = <0.001, 0.025, and <0.001, respectively), but there were no such differences between inflow and outflow for water temperature and SPC (p = 0.441 and 0.997, respectively) (Figure 7e-g; Table 4 ). 
Voorhees Farm Bioreactor (VB)
The Voorhees bioreactor was installed later than the Ridgely Farm or Queen Anne Farm bioreactors, but these data were nevertheless included to provide additional insight into bioreactor N load reduction contributions in Maryland. Monitoring only spanned December 2014-July 2015, but this site provided a contrast in that, while nearly all the drainage flow was routed into the bioreactor 
The Voorhees bioreactor was installed later than the Ridgely Farm or Queen Anne Farm bioreactors, but these data were nevertheless included to provide additional insight into bioreactor N load reduction contributions in Maryland. Monitoring only spanned December 2014-July 2015, but this site provided a contrast in that, while nearly all the drainage flow was routed into the bioreactor (98%), the bioreactor only removed 10% of the treated water's nitrate load (Table 2) . While this 10% removal efficiency seemingly was not very high, the 70 kg N removed by the Voorhees bioreactor during this period resulted in a moderate N removal rate (1.53 g·N·m −3 ·day −1 ) compared especially with the Ridgley site (0.21 to 0.40 g·N·m −3 ·day −1 , Table 2 ). This site is a good example of optimizing the percentage of drainage water treated in the bioreactor, and could benefit from a longer retention time. Omitting one outlier (13 May 2015) , the average retention time was 42 ± 56 h (Figure 8 ). This is in contrast to the other two bioreactors, where the overly long retention times precipitated a 99% removal efficiency for N in the treated water, but where the overall N reduction was limited by the relatively low percentage of water treated (the Ridgely site, especially).
Water 2017, 9, 112 13 of 16 (98%), the bioreactor only removed 10% of the treated water's nitrate load ( Table 2 ). This site is a good example of optimizing the percentage of drainage water treated in the bioreactor, and could benefit from a longer retention time. Omitting one outlier (13 May 2015) , the average retention time was 42 ± 56 h (Figure 8 ). This is in contrast to the other two bioreactors, where the overly long retention times precipitated a 99% removal efficiency for N in the treated water, but where the overall N reduction was limited by the relatively low percentage of water treated (the Ridgely site, especially). 
Overall Bioreactor Performance and Comparison
Nitrate-nitrogen removal was achieved at all bioreactors in all monitoring periods. Total removal ranged from 10 to 133 kg N with removal efficiencies of 9.0% to 62% and N removal rates of 0.21 to 5.36 g N removed per m 3 of bioreactor per day. Based on N load weighting across all sites and monitoring periods, the total removal efficiency of these bioreactors was 24% (summation of Table 2's "Total nitrate load IN" minus the sum of "Total nitrate load OUT," the quantity of which was divided by the sum of "Total nitrate load IN": (1430 − 1092)/1430 = 24%). However, flow and bioreactor performance varied greatly across this dataset, and the poor performance of the Ridgely Farm bioreactor skewed these summary results toward the low end.
It is not unusual for bioreactors to experience different nitrate removal efficiencies and rates even under similar climatic conditions and if designed using similar procedures. For example, Christianson et al. [16] studied four bioreactors in Iowa and found that N removal efficiency ranged from 12% to 76%, and removal rates ranged from 0.42 to 7.8 g•N•m −3 •day −1 . Bioreactors in Illinois have 
It is not unusual for bioreactors to experience different nitrate removal efficiencies and rates even under similar climatic conditions and if designed using similar procedures. For example, Christianson et al. [16] studied four bioreactors in Iowa and found that N removal efficiency ranged from 12% to 76%, and removal rates ranged from 0.42 to 7.8 g·N·m −3 ·day −1 . Bioreactors in Illinois have ranged from 3% to 98% N removal efficiency [13, 18] . In a recent meta-analysis, Addy et al. [17] reported that bioreactor N removal rates ranged broadly from 2.9 to 7.3 g·N·m −3 ·day −1 (5th to 95th percentiles based on a review). Variability of N removal performance between bioreactor sites and years can be due to differences in local site hydrology, water temperature, and bioreactor stop log management and to the newness of this technology resulting in a lack of consistent and proven design procedures. Differences in carbon media may also play a role, but given the variety of media that have been used successfully in denitrifying bioreactor studies (i.e., carbon to nitrogen ratios of <50 to >300 [1] ; this factor is likely outweighed by flow (i.e., hydraulic retention time (HRT)) and temperature in situ. The one major importance of media across the literature relates to media age; it is well established that bioreactor N removal in the first year is higher than and generally not representative of long-term bioreactor N removal performance due to readily degradable fines that easily wash from the woodchips during the start-up period [2, 18] .
In this case, N removal performance variability between sites was likely due to differences in flow due to local site conditions and constraints. The Ridgely and Queen Anne Farm bioreactors operated consistently under N-limited conditions, and it is likely that the mass of N removed from the Ridgely site could have been improved by increasing the flow capacity of the bioreactor. This recommendation may be challenging to achieve, however, as this site was complicated by hydraulics because of extremely flat head gradient, intrusion of surface runoff into the tile drainage system and bioreactor, and onsite application of dairy wastewater which altered the N dynamics in the bioreactor. The Queen Anne Farm bioreactor performed near ideally with a high percentage of flow treated and excellent removal of nitrate from that water. The relatively shorter monitoring record at the Voorhees bioreactor provided a contrast to the other sites as this bioreactor was not N-limited, and treated most nearly all of the water from the tile drainage system. N removal at this bioreactor could be improved by balancing the high flow capacity with increased bioreactor hydraulic retention time.
Conclusions
Nitrate-nitrogen removal was achieved at all bioreactors in all monitoring periods, with an overall average removal efficiency of 24%. As the first bioreactor study in the humid subtropical coastal plain of Maryland, this work provides evidence that denitrifying bioreactors are another tool for reducing N loads in agricultural tile drainage in this region. Long-term monitoring of these, as well as additional bioreactor sites in the mid-Atlantic, should include at a minimum flow monitoring and water quality sampling; assessment of additional parameters such as temperature, DO, ORP and pH and conservative tracer testing would help further quantify N removal and hydraulic performance of these systems. While there are certainly advancements to be made in bioreactor design and management, this work establishes a positive proof of concept for this practice in the Chesapeake Bay region.
